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ABSTRACT

This investigation of the Combat Air Patrol stationing problem analyzes the

geometry of a hypothetical tactical scenario. Expressions to determine the following

quantities are derived: (1) the minimum early warning radar detection range required

for intercept feasibility; (2) intercept range as measured from the target area position

when the interception begins from the CAP station; and (3) the minimum number

of interceptors required to actively maintain one CAP station; The time variables

most relevant to the problem are identified and investigated in the context of

interceptor fuel consumption.

The complexities of the dynamic process embedded in a Combat Air Patrol

management are modelled by means of a deterministic macro model. The state

variables portraying both the logistic and the operational aspects involving the CAP

activity are defined; system parameters controlling the transition flow from one state

to another are presented to represent the constraints of realities. A method for

computing the attrition rate based on Bonder and Farrell's methodology is derived.

Numerical examples are presented and the results analyzed. The application of such

a CAP stationing analysis model for air defense planning is discussed.
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I. INTRODUCTION

Effective planning decisions for best use of sparse defensive assets in a forward

air defense scenario require both proper analysis and thorough understanding of how

attack and defense interact. These interactions occur in many different ways, most

of them requiring a specific analysis appropriate to the context. Such analysis will

offer improved understanding of the capabilities, and specific weaknesses of the

resources available to accomplish a given mission. It will thereby contribute to

realistic planning and should lead to appropriate tactical decisions.

This thesis is a study on the Combat Air Patrol (CAP) location problem in a

Forward Air Defense (FAD) scenario.

A. SCENARIO

A set of sensitive points located in a specified geographical location called target

area must be defended against air attacks. The air attacks are of the penetration--

strike type of attack performed by fighter-bomber aircraft, which arrive at the target

area through a known sector of penetration. There is an integrated air defense

systein (IADS) to protect the target area from these air attacks. This system

comprises a set of ground-based anti-air weapons located in the target area, an

integrated air defense network that provides early warning radar (EWR) detection

and C3 capabilities, and a given number of air interceptor fighters deployed in an



air base with specified location. Each air interceptor fighter departs from the air base

and is kept in Combat Air Patrol (CAP) in a position called CAP station located

forward into the sector of penetration. From the CAP station, the air interceptor

fighter is either engaged in the interception of an arriving raid, or he returns to the

air base if no raid appears during the period of time he can stay on CAP station.

Around the target area there is a volume of air space determined by the effective

range of the anti-air weapons defending the area. The air interceptor fighters must

not fly through this air space volume to avoid being shot at by friendly weapons. To

accomplish their mission the fighters must destroy or neutralize as many as possible

of the attacker aircraft at or before the perimeter of this volume.

B. PROBLEM DEFINITION

Considering the scenario described above, the problem to be addressed in this

study is described as follows:

Given:

the location of the target area;

the location of the air base;

the angular sector of raid penetration measured with center at the target area
location;

the early warning range of the radar net measured from the target area location;

the effective range of the anti-air weapons defending the target area; and,

the maximum number of air interceptor fighters available in the defense inventory,
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determine the location to place the CAP station so as to maximize the expected

number of raids destroyed/neutralized by the air interceptor fighters, before the raids

reach the anti-air ,efeise line.

C. OBJECTIVES

The objectives cf this study are:

1. to analyze the problem as stated above and identify the key factors affecting
the selection of CAP station location;

2. to derive a deterministic model by means of a system of differential equations
representing the scenario in scope;

3. to use the deterministic model to assess how the identified key factors impact
the effectiveness of the air interceptor fighters at different CAP station
locations.
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II. BACKGROUND

A. PROBLEM CHARACTERISTICS

Air interceptor fighters are used in the air defense mission in two distinct ways:

as Ground Alert Interceptors (GAI) or in forward Combat Air Patrols (CAP). Shaw

[Ref. 1] gives a description of the aspects to be considered for each of thcse options.

According to Shaw the selection of which mode to use depends on the situation

at hand. Factors to be considered in making this decision are:

(1) type of raid expected;

(2) number of targets to protect;

(3) degree of certainty about the attacker's approaching route;

(4) early warning distance;

(5) characteristics, performance and availability of the air interceptor fighters, and,

(6) threat characteristics such as attacker's air speed and weapons release range.

One reason for using CAP is to achieve raid interception at an advantageous

distance from the target area, providing more time to destroy or neutralize it before

the raid reaches its objectives. In general, the employment of CAP is more expensive

than ground-based intercept because of the fuel consumption and crew requirements

to maintain airborne defensive posture for prolonged periods betweea attacks; also,

it makes the air defense problem more complex as it demands extra capability from

the C3 system. The use of CAP may be in, fLicient and ineffective if it is not
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.appropriately deployed and managed, yet it can be very effective under the right

operating parameters. It is the purpose of the analysis to identify those operating

parame:ers for a proper tactical disposition. Sometimes establishment of CAP is the

on]; viable alternative for the decision maker, as would be the case if the early

warning distance of an attack is expected to be insufficient to launch a GAI and

intercept the raid at useful range from the target. Again, analysis should be

performed to decide upon a wise CAP disposition.

Once the decision for CAP employment is made one contemplates the following

issues:

(1) the distance from target to CAP station,

(2) the CAP altitude;

(3) patrol technique; and

(4) command-and-control-specific procedures.

The practical distance from target to CAP depends on factors such as the

number of aircraft available, the area that must be covered, and the useful time on

station for the patrolling aircraft. These factors are affected, respectively,

by the logistics of the Air Intercept Squadron, by the performance of the interceptors'

on-board sensors, and by the endurance of the interceptors and air-refuelling

possibilities.

"The choice of CAP altitude must consider the expected altitude of the threat,

the interceptor's weapons system characteristics, and environmental conditions. This

5



choice must be made so as to optimize the chances of the intruder detection, and the

thwarting of his attack.

The considerations involved in selecting the patrol technique for the CAP are:

endurance; optimization of sensor and visual coverage; weapons capabilities; and

defense against attack by enemy fighter sweep or fighter escort. Usually the defense

faces a shortage of aircraft to maintain what it considers an adequate number of

aircraft actually on CAP station. Nevertheless, a minimum number of interceptors

per CAP station should be considered. The number of aircraft per patrol is dictated

by situation assessment; two aircraft per CAP station is usually considered the

minimal force level on station.

The command and control procedures required to make a CAP effective may

be very complex and demanding. The CAP demands from the defense C3 network

the ability to perform long-range jam resistant target detection and identification,

long-range communications with the interceptors on CAP station as well as long-

range intercept control capability. Considering the fact that the CAP is not the only

activity being controlled at a time by the C3 system, both pilots and controllers must

be aware of any special radio-communication procedure for the CAP, as well of the

rules of engagement and type of control for intercept.[Ref. l:pp. 325-330]

-- - - - - - -



B. LITERATURE REVIEW

Some air-to-air models found in the unclassified literature will now be

presented. For simplicity, those models more germane to the nature of the problem

investigated here are described in this section. The description of others air-to-air

models can be found in Appendix A.

1. Air-to-Air Battle Models

A comprehensive study of the interactions between defense and offense

in the air-to-air battle can be found in Heilenday [Ref. 2]. Many aspects of an air

defense system and air vehicle penetration are analyzed. Therein the author begins

by addressing the basic concepts of the offense and defense missions, and discussing

radar and electro-optics (EO) fundamentals. Then the offensive/defensive

interactions are analyzed and the basic defense actions are identified as: initial target

assignment; airborne interceptor actions; and SAM/AAA intercept. The fundamental

elements regarding the air interceptor actions are identified and represented as time

measures and probabilities. A model for the probability of an air interceptor (AI) to

kill a penetrator with a single shot (PK) is given as a combination of conditional

probabilities, as follows:

PK = P., Pv Pd Pt Pe P, SSPK

where:

P. , Probability Al available and alerted;

P, Probability AI is correctly vectored, given that it has been alerted;

Pd Probability Al detects, given correct vectoring;

7



P, m Probability AI properly tracks, given detection;

Pc a Probability Al converts, given track;

Pn m Probability AI launches weapon, given conversion;

SSPK E Single Shot Kill Probability for one shot [Ref. 2:p. 9-6]

The ways an interceptor may attack a penetrator are described according three

different attack patterns:

Radar Head-on - a head-on approach using the Al radar as the sensor and an
attack with a salvo of two radar guided missiles;

Radar Tail-on - a tail-on approach using the Al radar as the sensor and an attack
with a salvo of two radar guided missiles;

Infra-red (IR)/Visual - a tail-on approach using EO sensors (mR/visual) and an

attack with a salvo of two IR missiles [Ref. 2:p. 9-11].

Based on these attack patterns, attrition models are derived. First a one-on-one Pk

is presented for each initial attack pattern attempt, and considering a initial head-on

attack and a initial tail-on attack. For each of these initial attacks, subsequent

reattacks are considered depending on fuel and ammunition availability on the Al.

The models are as following:

PkT/E = PdT/E (1 - PST/IR PST/un}

PkH/E = PdH/E {1 - PSH/IR PSHInw PST/IR PST/pn}

PkT/R = PdT/R {( - PST/R PST/IR PST/pn}

PkH/R = PdH/R (1 - PSH/R PST/R PST/IR PST/In}

where:

PkT/E a one-on-one probability of penetrator kill by a single Al beginning with an
attempted Tail-on Electro-optical detection;
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PkH/En one-on-one probability of penetrator kill by a single AI beginning with an
attempted Head-on Electro-optical detection;

PkT/ u one-on-one probability of penetrator kill by a single Al beginning with an
attempted Tail-on Radar detection;

PkH/ ,, one-on-one probability of penetrator kill by a single Al beginning with an
attempted Head-on Radar detection.

In these models the entire sequence of AI weapons attack is considered as dependent

upon the initial detection (and track) probability, represented by the Pd terms in

each equation. The PS terms represent, each, the probability of penetrator survival

after each Al weapon attack/pass, what is considered as independent of the success

of the previous pass.[Ref. 2:pp.16-2 - 16-5] The author uses these models to evaluate

the results of each attack pattern under undegraded and degraded conditions. Six

degradation categories are considered, according to the possible penetrator tactics:

(1) Electronic countermeasures (ECM)

(2) Infra-red countermeasures (IRCM)

(3) Optical camouflage

(4) Evasive maneuvers

(5) Low radar cross section

(6) Lethal self defense

Heilenday also analyzes the scenario of many penetrators versus many Al's. To this

end, the number of AI assignments required to service penetrators is assessed with

and without considerations to defense resources and capabilities. The problem of

multiple air interceptor types is addressed, as well as the issue of multiple types of

9



penetrators and the preferential assignments against certain penetrators[Ref. 2:pp.17-

1 - 17-20]. In summary, this is a comprehensive study of the air-to-air battle, with

detailed analysis of the defense/offense interactions, but the CAP station location

problem is not addressed by Heilenday.

Grant [Ref. 3] investigated the effects of command and control on the Forward

Air Defense (FAD). The study develops a basic methodology for modeling the effects

of command and control on the FAD. It is modeled from the Soviet perspective to

judge the effectiveness of the defense against a US penetrating force. In her study

a review of some FAD and bomber penetration models is presented. The main

characteristics of one of these models is presented here. A general description of the

other models studied by Grant can be found in the Appendix.

Corridor Penetration Model (COPEM) This model was developed at Stanford

Research Institute (SRI) as part of a study to improve the representation of airborne

strategic systems in aggregated effectiveness evaluation models. It is a sophisticated

analytic model divided into two sections: the forward air defense model and the

weapon/target allocation model. The model finds the probability a penetrator

reaches a certain depth in the forward air defense zone before being destroyed. The

zone is divided into a rectangular grid of cells, interceptors are distributed across the

grid according to some probability distribution, and penetrators enter and fly

through the grid in straight lines parallel to the sides. The number of intercepts

which can be made depends on where the penetrator is detected and how many

intercept attempts the control center can then make in the time remaining with the
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interceptors available before the penetrator exits the grid. According to the author,

the model makes the assumption that this process can be represented as non-

homogeneous Poisson process with a time dependent parameter and, for this

assumption to hold, in some cases the interceptor must be loaded with an unrealistic

number of weapons. For a detailed description of the forward air defense part of

COPEM and a discussion about the validity of the underlying assumptions of the

model, see Grant [Ref. 3:pp. 111-132].

In what follows we have the main aspects of a comprehensive investigation

focussed on the probability of an aircraft being killed in a hostile environment in

term of aircraft survivability. This work is presented by Ball [Ref. 4]. According to

him, the probability of kill of the aircraft is the product of the susceptibility and the

vulnerability, or

Probability of Kill = Susceptibility * Vulnerability [Ref. 4:p. 2]

In this context, susceptibility is defined as the probability of the aircraft being hit, PH,

or as "the inability of an aircraft to avoid being damaged in the pursuit of its mission"

[Ref. 4:p. 223]. Vulnerability "refers to the inability of the aircraft to withstand one

or more hits by damage mechanism, to its vincibility, to its liability to serious damage

or destruction when hit by enemy fire" [Ref. 4:p. 135]. Ball models vulnerability as

the probability of kill given a hit, P". This way the Probability of Kill, PK is written

as

PK= PH P"r.•
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The probability of the aircraft being hit, PH, is the product of individual probabilities,

some of which are conditional on the result of a previous event:

PH = PA PDrr PLGD,

where:

PA a probobability that the threat is active and ready to engage the aircraft;

PDrr a probability that the aircraft is detected, identified, and Iracked by the threat
given the threat is active;

PLOD a probability that a threat propagator is launched or fired, possibly guided,
and either hits the aircraft or a high-explosive warhead is detonated sufficiently
close to the aircraft to cause a hit by a damage mechanism.[Ref. 4:p. 1]

The author gives a detailed discussion with respective model derivation for each of

the above probabilities for a comprehensive threat spectrum [Ref. 4:pp. 223-306].

Further, on the assumption that the aircraft has been detected and that a threat

propagator has been launched or fired, a model for the probability of aircraft kill

given a single shot, PyS is presented as

Pym ' p p(x, y) Pf(x, y) V(x, y) dxdy

where:

p(x, y) w miss distance frequency distribution;

P1 (x, y) a probability of fusing for an HE (high explosive) warhead;

V(x, y) a kill function that defines the probability the target is killed due to a
propagator whose trajectory intersects the intercept plane at x, y.

Equations for the P. of different types of warheads are discussed and

presented.[Ref. 4:pp. 315-319]. Next, Ball addresses the issue of one-on-one
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survivability, i.e., the probability that an aircraft survives an encounter with a single

threat, Pss, which is modeled as

PS/E = -PI/E = 1 " PD PL PKSS

where:

PD a measure of detection, i.e., the probability that the aircraft has been detected
(at least once) from the start of a search up to the present time t;

PL a probability that a propagator will be launched or fired at the aircraft;

PKss a probability of kill given a single shot, as defined above;

PrW Tm probability that the aircraft is killed in an encounter in which one
propagator may be fired or launched at some time t.

Based on the previous model, the probability the aircraft survives the N shot

encounter is then derived:

where i denotes the Oh shot.[Ref. 4:pp. 319-321]. After the encounter survivability, the

sortie survivability is discussed. A model is derived for the probability the aircraft

survives the E encounters on the sortie, Ps/, as following

E E

"PS/S = H IE 1 = I (i - PK(E)
-i. ii.l

where:

PsM survival probability for each encounter;

Pr kill probability of each encounter;
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E a sum of those encounters that occur as the aircraft flies through any zone
defenses to get to the target, those that occur near any point defended targets, and
those that occur as the aircraft returns through the same defended zone.

If more than one type of weapon is encountered during the sortie, the model for the

sortie survival probability becomes

= I i /P/)](J (1 PKIE)] . 71( PK/E,)]

where:

El, E2, ... ,Em - number of independent encounters with weapon types 1, 2, ...

respectively, and

(1 - PKIuj a probability of survival of the 0th encounter with the Ph weapon type.
[Ref. 4:pp. 321-323]

2. CAP Stationing Model

A formulation for the disposition of CAP station problem is found in

Naval Operations Analysis [Ref. 5]. The scenario assumed is one of a naval task

force in a mid-ocean location, where the aircraft carrier, at the center of the task

force, is the main target to protect. From the aircraft carrier the interceptors are

launched and kept on CAP stations from which they are engaged in the interception

of penetrators flying toward the center of the task force. Considering the center of

tLe task force as the origin of a cylindrical coordinate system the CAP stations are

located equidistantly on a circle of radius d from the task force center. There is one

assumption that drives the whole formulation of the problem, namely that the

probability of penetrator kill is a non-decreasing function of the range of interception

14



as measured from the center of the task force. This means that the further away from

the protected target the interception takes place, the higher the probability of killing

the penetrator. The distribution of the probability of killing the penetrator given the

interception range is assumed to be a user-supplied function. Another underlying

fact upon which the formulation is based is that the radar horizontal first-detection

range is a random variable whose density function is known. Based on these facts,

an expression is derived for the interception range as a function of both the first

horizontal detection range and the CAP station location relative to the task force

center. In the derivation of this expression the interceptor is assumed to be flying at

the same air speed as the penetrator. Having the interception range thus expressed

and assuming that the raids are equally likely to approach from any direction, the

expected probability of kill is then derived as a function of the number of CAP

stations and of the distance of CAP station from the task force center.[Ref. 5:pp. 220-

223] The strength of this formulation is the fact that it express the probability of

penetrator kill as a function of CAP station distance from the target to be protected

as well as a function of the number of CAP stations used, which is likely to be a

useful tool for planning purposes. On the other hand, by assuming, in the derivation,

that interceptor and penetrator fly both at the same air speed, the solution loses

generality. Other aspects not considered in this model are the endurance, and the

maximum intercept range, of the interceptor. In the next chapter an expression for

the interception range will be derived where different air speeds for interceptor and

penetrator are considered.
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III. CAP STATIONING ANALYSIS

The scenario described in Chapter I will be used as framework for developing

a model which permits investigation of the CAP stationing problem.

The first issue to address in this problem is to be able to identify the situations

in which the use of the interceptors in a CAP disposition is actually required. Once

the necessity of CAP is verified the next question to answer is how many CAP

stations could be permanently activated, given the number of interceptors available.

Before these two issues are addressed we will define the variables to be used in the

formulations.

A. VARIABLES DEFINITION

Let us define the following variables:

v. air speed of the attacker aircraft;

vi air speed of the interceptor aircraft;

tp w time elapsed from the moment the attacker is first detected by the radar until

it is positively identified as a hostile;

t* z time elapsed from the moment an interceptor in GAI posture is scrambled until

it takes off from the air base;

t. a time elapsed from the moment an interception begins until the moment the

interceptor engages in air-to-air combat with the attacker;

16



tcmb a maximum time period for which the interceptor can stay engaged in air-to-air

combat with the attacker;

t, w length of time period required by the interceptor to fly back to the air base

from the point it finishes its mission;

t., m time length it takes to the interceptor to fly from the air base out to the CAP

station;

t* w time length it takes for the interceptor to fly from the CAP station back to the

air base;

tt, w time length it takes for the interceptor to fly from the point it disengages air-to-

air combat with the attacker back to the air base;

cR u number of repair crews available in the air base;

t* m time length it takes for one repair crew to repair one aircraft;

t- maximum length of time a interceptor can stay on station if no attacker arrives.

ta average time interval between two consecutive attacker's arrivals.

Now consider Figure 1. In this Figure consider the target location, T, as the

origin of a cylindrical coordinate system. Let C be the air base location. The

following quantities are distance measures, taken from the origin, T, of this

coordinate system:

R n radar horizontal first detection range, i.e., distance from the target at which the

attacker is first detected by the C3 network;

I w identification range, i.e., distance from the target at which the attacker is

identified as hostile;
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P - engagement range, i.e., distance from the target the attacker is when the

interception begins;

d * distance from the target location to the air base location;

tiatheW

bourduy

.. ..........i .... ... ... $ ...... .......... .... -$ .... !attack er

11 f ........ ....... ...............

Figure 1 Ground Alert Interceptor (GAI) Scenario

h m anti-air weaporq effective range, i.e., minimum distance from the target at which

the attacker must have been destroyed/neutralized by the interceptor.

Let 0 be the angle formed by the attacker's flight path through the target

location and the line segment connecting the target location and the air base

location; 0 2 0. Define

tD u delay time measured from the moment of attacker's first radar detection until

the moment the interception begins.
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tD = tMD + tA•

Let

v.K = V2., K > 0
VS

K represents the air speed relationship between interceptor and attacker.

B. IDENTIFYING CAP REQUIREMENT

To identify the conditions requiring the use of interceptors in a CAP disposition

we will use the same analytical methodology as in Naval Operations Analysis [Ref.

5:p. 221]. The differences from that scenario to the one used here are: the

interceptor's air base is not located in the target area; the air speed of the attacker

aircraft is not necessarily equal to the interceptor's air speed.

In Figure 1 consider the air base located at B with the interceptors in GAI and

a reaction time of tl units of time. Further assume that an attacker is first detected

at range R from the target T. It will take tm units of time for the C3 system identify

the attacker as a hostile and scramble the interceptor. When the interceptor is

scrambled the attacker will be at range I from the target, and it will take tm units of

time for the interceptor to take off. Assuming that the interception procedure starts

immediately after take off, this means that the attacker will be at range P from the

target at the beginning of the interception. If the interception occurs at range S from

the target and considering the air speed relationship, K, between interceptor and

attacker, we can see that during the interception the attacker will travel a distance

-19



equals to (P-S) while the interceptor travels a distance equals to K(P-S). Applying

the law of cosines to the triangle we have:

K 2 (p - S)2 = d2 + S2 - 2dScos0

K2(p2 - 2PS+S2 ) = d2 + S2 - 2dScos0

K2p 2 - 2K 2pS+ K2 S2 
- d2 + S2 - 2dScos0

K 2S 2 - S2 + 2dScos9 - 2K 2pS - d2 - K2 P2

V (K 2- 1) + 2S(dcosi - K2p) - d2 - K2p 2

S2 + 25 dcosf - K2p- d2 K 2 P 2

K2os - IK d2 -1I

2 (2
S2 + 2S dcs - K2P] + [dcos -K2p] 2 - K2 p 2  + 'dcosO-K2p]

[S+ ficosO -K2P~ (K 2 - 1 )(d 2 
-K

2 p2 ) + d 2 cos29 2dcosGK 2p + K 4 p 2

I K2 - J (K2_ 1)2

after some algebraic manipulations, and solving the above equation for S, we get

S K 2P - dcos0 ± O K 2p 2 - 2dcosOK 2p + d2cos2 0 + K 2d 2 - d 2 (3.1)

K2 -1

Equation (3.1) expresses S as a function of K, P, d and 9. The first thing to

note concerning this equation is the double possible solution. Second, we observe

that, with respect to K, S must be continuous for all k > 0. Hence to find the value

of S when K = 1 we have to find the value of S in the limit, as K -, 1. Evaluating

these limits we find:
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limS] = P - dcosf + f(P - dcosf2 2P - 2dcosO
K-1 1 - 1 0

"•MS2 = P- dcos- /(P- dcosO) - 0

K-i -1 0

When K =1 the solution S, is not defined and the solution S2 takes an

indeterminate form. Because S has to be continuous for all K > 0, S, can not be a

solution for the value of S. By applying l'H6pital's rule on S2 we obtain the value of

S when K = 1. Hence we have the following expressions for the values of S

K2P - dcose - VK2p2 - 2dcos8K 2P + d2cos 2 0 + K 2 d2 - d2

K 2 -1

if(K> O)A(K#1), and

S 2(P - dcos2)' if (K = 1) A (P # dcos9).

It can be verified that the above expression for S when K = 1 is consistent with

the derivations in Naval Operations Analysis' [Ref. 5:p. 222].

Now, to obtain an expression for S as a function of the first detection range, R,

we use the fact that P = R - tD . V. Substituting this expression for P into the two

previous equations, we get:

I See equation 11-5, p. 222 in that publication.

22



S K 2 (R - tDv,) -adcos0

K2 - 1
(3.2)

IK2(R - tDVa) 2 - 2dcos0K 2(R tDV.) + d2cos 20 + K2d2 _ d2

K2 - 1

when (K > 0) A (K 0 1), and

S 2[(R - tDVa) - d-os0] , when (K = 1) A (R 0 dcos0 + tDV.). (3.3)

Note that when (K > 0) A (K o 1), S is defined if and only if the expression under

the radical is non-negative. This imposes a third condition on the values of K, namely

K d If 9 1 (3.4)
V(R - tDva - dcos0)2 + d2sin20

From the air defense view point, an interception is defined as a valid intercept

if and only if the interceptor is able to fire his weapons at the attacker at or before

the point where the interceptor's presence would restrict the use of other defense

weapons. This implies that the interceptor will have accomplished his mission if and

only if the attacker is destroyed/neutralized at or before a distance h from the target.

For this to happen, the interception must be completed at a distance from the target

such that there is enough time for the interceptor to engage the air-to-air combat

with the attacker and employ its weapons. Thus we can see from Figure 1 that the

minimum value of S that permits the attacker destruction/neutralization at or before

the range h from the target occurs when S = h + tcb'va (the rationale for this
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expression for S will be addressed later in this study). This fact allows us to derive

an expression for the minimum value of the radar first detection range, R, for which

a valid interception is possible. Using again the law of cosines in the triangle of

Figure 1, we have

K 2(P - S)2 = d2 + - dcos0

and solving this equation for P we obtain

P = S + /(d - ScosO)N + S2sin20 (3.5)
K

To interpret the double solution of equation (3.5) we refer to Figure 1 and consider

the fcllowing fact. In a given moment aut attacker may be flying either inbound

(toward the target) or outbound (away from the target). Depending on the values of

K and 9 , it is possible for the interceptor to attempt a tail-on interception and catch

up with the attacker when it is flying outbound. But see that, in such a case, we will

have S > P V 0 for which the interception is possible. On the other hand, if the

attacker is flying inbound, we will have S < P V 0 for which the interception is

possible. In this study we are interested only on those cases in which the attacker is

flying inbound. Hence we conclude that the solution of interest for equation (3.5) is

+ /(d - ScosO)2 + S2sin 20 (3.6)
K

23



Let

~ . the minimum value of the radar first detection range for which a valid

intercept is possible.

Now, consider the two facts:

(1) the minimum intercept range for a valid interception occurs when

S = h + tcb.V,; and

(2) P = R - tD.V.

Substituting these expressions into equation (3.6) and arranging the terms, we obtain

Rmm = h + v.(tD + t•fb) + 4d - (h + tb v.) f+ (h + t]C~bv)Sin (3.7)
K

We can verify that a minimum value for the first radar detection range will

always be defined because the expression under the radical in equation (3.7) is

always non-negative and, by definition, K > 0. Also, we can see that as K increases

(meaning that the interceptor gets faster than the attacker) the minimum value of the

first radar detection range needed for valid intercept decreases, what is consistent

with the nature of the problem. Hence we can conclude that, in a given scenario, and

for a specific value of K, whenever the first radar detection of an arriving attacker

occurs at a range shorter then R. as defined in equation (3.7), using the interceptor

in GAI will not make a valid intercept possible. In such case an interceptor on CAP

station must be employed.
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